Structural, dynamical, bonding, and electronic properties of water molecules around a soluted methane molecule are studied from first principles. The results are compatible with experiments and qualitatively support the conclusions of recent classical Molecular Dynamics simulations concerning the controversial issue on the presence of "immobilized" water molecules around hydrophobic groups: the hydrophobic solute slightly reduces (by a less than 2 factor) the mobility of many surrounding water molecules rather than immobilizing just the few ones which are closest to methane, similarly to what obtained by previous first-principles simulations of soluted methanol.
I. INTRODUCTION
Car-Parrinello MD simulations, where the interactions are calculated from first principles, and that have been already used in studies of liquid water, 18-22 aqueous solvation, 17,23-27 and nucleic acid models containing both hydrophilic and hydrophobic groups. 28,29 With respect to force-field based MD, first principles MD has important advantages: it naturally incorporates polarization, it accounts for the intramolecular motion, and gives detailed information on the electronic properties such as the charge distribution.
We have recently studied 17 the interaction of water with methanol (the simplest alcohol), which can be considered as a prototype of a solute with both hydrophobic (methyl) and hydrophilic (hydroxyl) groups: we found that the presence of a methanol molecule slightly reduces the mobility of many water molecules, rather than immobilizing just the few ones which are closest to the methyl group, in line with the interpretation of Qvist and Halle 12 and with classical MD simulation results. 9,30 Here we study, from first principles, the interaction of water with methane which can be considered as a prototype of an hydrophobic solute. A previous first principles study of a water-methane solution exists, which was however limited to the investigation of electronic properties and polarization effects.
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II. METHOD
Density Functional Theory (DFT)-based Car-Parrinello (CP) MD simulations 32 have been performed at constant volume, starting with the experimental density of water at room temperature. The initial system consists of 64 equilibrated water molecules in a supercell with body-centered-cubic symmetry 33 and periodic boundary conditions. Subsequently, two adjacent water molecules have been replaced by a methane molecule, the resulting solution system being characterized by a density of 0.98 g/cm 3 , in line with the typical density considered in previous simulations. 3,31,34 Then the novel system has been reequilibrated for 2 ps to allow water molecules to reorganize and form the solvation shell around the solute.
Then statistics have been collected for about 20 ps, while the temperature of the system has been controlled by a Nosé-Hoover chain thermostat 35 on the ionic degrees of freedom.
For comparison with the properties of pure water, a parallel simulation with a system of 64 water molecules at the same conditions, has been performed. In line with the approach followed in recent simulations, 22,36 the chosen target simulation temperatures were higher than the room temperature of actual experiments, since standard DFT functionals (such as the PBE adopted here) are known to be affected by a slight overbinding leading to a sort of "glassy behavior" of the dynamics around room temperature, Table I , one can see that it obviously decreases for pure water by increasing the simulation temperature; moreover, with respect to pure water, at 400 K, it is a 2.2 factor larger for the water-methane solution and a 1.3 factor larger for the water-methanol system, and, at 460 K, it is a 1.2 factor larger for the water-methane solution. As suggested elsewhere, 34 the enhanced structure of the O-O pair correlation functions reflects the fact that water is excluded from the region occupied by the solute molecule and does not indicate an increase in water-water structure.
The fraction of molecules participating in a given number of Hbs has been also evaluated.
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Clearly we focus attention on the water molecules located within the solvation shell, this being a meaningful identification procedure since the net displacement of both a typical solvent molecule and of the solute during the simulation is relatively small. In line with previous findings 8 the water molecules near the apolar methane molecule turn out to have essentially the same average number of Hbs as do the others (see Table V ); since the average distances and angles relative to these Hbs are very similar to those in the bulk, one infers that even the Hb strength is not significantly different. Looking at Table I Among the available dynamical observables, the molecule rotational correlation time represents a particularly useful probe of the hydration shell because of its strong dependence on the local Hb configuration (in bulk water molecular rotation occurs by a concerted mechanism where Hbs are simultaneously broken and reformed 55 ). In particular, the rotational motion can be studied by looking at the orientational correlation functions, given by
where P l (x) is the Legendre polynomial of order l and u is a unit vector along the molecular dipole moment or the HOH angle bisector of the water molecules. These orientational correlation functions can be related to experimental measurements and different techniques are sensitive to the first or second order dipole correlation function: 56 DR and Thz time domain spectroscopy probe the decay of C 1 (t), while fs-IR (the technique used by Rezus and Bakker 2 ), NMR, and optical Kerr-effect spectroscopy probe the decay of C 2 (t). By assuming an exponential decay of the C 1 (t) and C 2 (t) functions one can easily estimate, by a fitting and/or integration procedure (see, for instance, ref. 57), the corresponding reorientation times, τ 1 and τ 2 , which are reported in Table IV. significantly shorter than those (2.8-4.5 ps) obtained by some simulations 9,30 and in better agreement with the data reported by Laaksonen and Stilbs 3 and with experimental estimates (1.7-2.6 ps in pure water 58 ), thus confirming that reorientation rates are often overestimated in classical MD simulations. 8 Concerning the τ 1 /τ 2 ratio, its value smaller than 3, indicates that the reorientation motion of water molecules, both in bulk and in solutions, cannot be entirely ascribed to a pure diffusive mechanism, which would lead to a 3 value.
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C. Hydrogen bond structure and dynamics
In Table V we report the basic data about the Hb structure. As can be seen, the average number of Hbs per water molecule, N Hb , slightly increases in solutions compared to the value of pure water at the same simulation temperature. Moreover, as already pointed out above, the average number of the four water molecules closest to the methane molecule does not much differ from (and in any case is not smaller than) that of the other waters.
The fraction of broken Hbs can be defined In Table V we also list the average Hb lifetimes, estimated by considering the persistence of all the Hb atom pairs during the MD trajectory. As can be seen, the average Hb lifetimes cannot be reproduced by most of the classical MD simulations where nonpolarizable models for the water molecules (which are often assumed to be rigid and equal) are adopted and could explain why the ratio between our estimated reorientation times of waters in solution and in pure water is smaller than that (1.5-2.0) obtained by classical MD methods based on rigid force field and instead closer to that (1.3) given by flexible-force field simulations.
8,9
Recently, Mateus et al. 31 have investigated the electronic properties of a methane-water solution by a sequential quantum mechanical/MD approach and found that, upon hydration, methane acquires an induced dipole moment of 0.48 ± 0.20 D, due to polarisation effects and to weak methane-water Hb interactions, a value comparable to our estimates in Table   VI . Mateus et al. 31 found no difference between the average monomeric dipole moment of bulk waters and that of waters in close interaction (within the first hydration layer of) with methane; instead we find a slight reduction. This difference is probably due the fact that in the simulations of Mateus et al. the geometry of the water molecules was kept rigid while only that of methane was flexible, at variance with our approach.
IV. CONCLUSIONS
In conclusion, our results, compatible with recent experiments, shed light on the controversial issue related to the presence of "immobilized" water molecules around hydrophobic groups. Since there is no evidence that a few waters rotate much more slowly than the others in solution, one concludes that the presence of the hydrophobic solute slightly reduces the mobility of many water molecules, rather than immobilizing just the few ones which are closest to the methane molecule, similarly to what obtained by simulations of soluted methanol, and in line with the interpretation of Qvist and Halle 12 and with classical MD simulation results. 9,30 Therefore our results are also relevant to validate the classical MD approach for modeling of aqueous solutions. Moreover, the rotational slowing down is compatible with that one predicted on the basis of excluded volume fraction, which leads to a slower Hydrogen bond-exchange rate. By generating maximally-localized Wannier functions, a detailed description of the polarization effects in both solute and solvent molecules has been obtained, which better characterizes the solvation process. Finally, the analysis of simulations performed at different temperatures suggests that the target temperature of the soluted system must be carefully chosen, in order to avoid artificial slowing-down effects. 
